Abstract. Precision measurements of nucleons provide constraints on the Standard Model and can discern the signatures predicted for particles beyond the Standard Model (BSM). Knowing the Standard Model inputs to nucleon matrix elements will be necessary to constrain the couplings of dark matter candidates such as the neutralino, to relate the neutron electric dipole moment to the CP-violating theta parameter, or to search for new TeV-scale particles though non-V−A interactions in neutron beta decay. However, these matrix elements derive from the properties of quantum chromodynamics (QCD) at low energies, where perturbative treatments fail. Using lattice gauge theory, we can nonperturbatively calculate the QCD path integral on a supercomputer. In this proceeding, I will discuss a few representative areas in which lattice QCD (LQCD) can contribute to the search for BSM physics, emphasizing suppressed operators in neutron decay, and outline prospects for future development.
Neutron Electric Dipole Moment: The neutron electric dipole moment is a measure of the distribution of positive and negative charge inside the neutron. To generate a finite nEDM, one needs processes that violate CP-symmetry, for example by adding a CP-odd θ -term to the lagrangian. The SM value of this quantity is very small, 10 −30 e · cm. Although experiments do not have the necessary precision to measure the SM value; many BSM models predict values that are higher than the experimental upper bounds, including some parts of the parameter space for certain SUSY models.
There are three main approaches to extracting the nEDM using LQCD. One is a direct measurement, by studying the electromagnetic form factor F 3 under the new QCD lagrangian including the CP-odd term (RBC, J/E, CP-PACS 2005) . This requires us to extrapolate the form factors to q 2 = 0, which can introduce systematic error and exacerbate the statistical error. Another method is through indirect measurement by looking at the energy difference for two different spin states of the nucleon at zero momentum under an external static and uniform electric field (CP-PACS 2008) . Or finally, one can measure the product of the anomalous magnetic moment of neutron F 2 (q 2 = 0) and tan(2α) (QCDSF) in a CP-violating system. The collected dynamical LQCD results [4] on d n are shown on the right-hand side of Fig. 1 ; when combining all data and extrapolating to the physical pion mass, we obtain d
More updated and precise calculations from various groups are currently in progress.
Non-V−A Interactions in Neutron Beta Decay: A third example of probing BSM with nucleons is to look for signatures of contributions due to scalar or tensor interactions in neutron beta decay [5] . The notion is quite similar to how Fermi theory led to the discovery of the electroweak interaction and its bosons. Beta decay was originally explained by Fermi by adding a new term to the fundamental lagrangian describing 4-fermion interactions. Such a theory introduces a coupling, the Fermi constant, that has units of inverse-energy squared, with an energy scale around 100 GeV. As it turns out, the Fermi theory is a low-energy effective theory approximating the electroweak theory, which has 3 vector bosons, the W's and Z. The theory was later probed in high-energy proton-antiproton experiments at CERN, and the new particles were found with resonances around the scale predicted by this interpretation of the Fermi theory. We can imagine that new particles beyond the Standard Model can be predicted in just such a way: by first detecting the low-energy effective operators and later directly probing them in a high-energy experiment.
The new BSM physics will enter the neutron beta-decay hamiltonian, ε BSM
, with the coefficients
are related to the TeV scale of the particles. The leptonic part is understandable using analytic techniques, but the quark operator in the context of the nucleon will introduce some unknown coupling constants, g T = p|uσ µν d|n and g S = p|ud|n , which are nonperturbative functions of the nucleon structure, described in the SM by QCD. Any deviation from the SM V−A current coming from the new scalar and tensor interactions in the effective theory will require knowledge of the couplings g S and g T to understand.
The tensor charge (g T ) is also known as the zeroth moment of transversity; experimentally, one can extract the contribution from individual quarks as a function of the quark momentum fraction x, at certain Q 2 through processes such as semi-inclusive deep inelastic scattering. To obtain g T , one need to integrate over all possible x, that is, from 0 to 1, through an interpolation of the few available x at each Q 2 . After combining a few experiments, the best experimental estimate (using model inputs) for this quantity is obtained at Q 2 = 0.8 GeV 2 (instead of Q 2 = 0 as in the correct definition of g T ): 0.77
+0.18
−0.24 with combined uncertainty around 25%. There are also theoretical models that attempt to make estimates of the tensor charge, such as Nambu-Jona-Lasinio model and the chiral quark soliton model; unfortunately, they are not consistent with each other. And using QCD sum rules, still yields a large uncertainty. The other important ingredient for the new interactions is the scalar charge g S . There are no experimental measurements of this quantity, and the theoretical estimations (from different model approximations) give rather loose bounds to the quantity: 0.25 ≤ g S ≤ 1. Lattice calculation of g T and g S is rather straightforward. The tensor charge has been studied a few times in the past using N f = 2 + 1 dynamical ensembles in LQCD, while g S has not been studied until now; a summarized LQCD results are shown in the left-hand side of Fig. 2 . All of these results, by different collaborations, using different fermions actions, are generally in good agreement, although the error bars shown here contain only statistical error. We further globally analyze all the available lattice data, including the lightest available from PNDME, around 220 MeV, and obtain g LQCD T = 0.95(5) and g LQCD S = 0.69(9) through chiral extrapolation to the physical pion mass. Finally, we can combine the low-energy tensor and scalar charges with experimental data to determine the allowed region of the epsilon parameter space. We can combine the current knowledge of g S,T and the existing experimental data for the 0 + → 0 + transition and nuclear beta decay (such as β symmetry in Gamow-Teller 60 Co, longitudinal polarization ratio between Fermi and Gamow-Teller transitions in 114 In, positron polarization in polarized 107 In and beta-neutrino ccorrelation parameters in nuclear transitions). Using the g S,T from the model estimations and combining with the existing nuclear experimental data, we get the constraints shown the outermost band on the lower-right of Fig. 2 . There is an on-going ultra-cold neutron experiment studying neutron beta decay at LANL to look for deviations from the SM in the Fierz term and the neutrino asymmetry parameter to the level of 10 −3 by 2013. Combining those expected data and existing measurements, and again, using the model inputs of g S,T , we see the uncertainties in ε S,T are significantly improve. This shows the importance of the precision experimental inputs. Finally, using our present LQCD values of the scalar and tensor charges, combined with the expected 2013 precision of experimental bounds we found the constraints on ε S,T are further greatly improved, shown as the innermost region. This corresponds to lower bounds for the scale Λ S,T at 2.9 and 11.2 TeV, respectively, for new physics in these channels.
